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From electrochemical measurements at the interface of two immiscible electrolytes, the current at controlled potential is usually a
linear function of the ion concentration in the aqueous phase. Surprisingly, a linear relationship between the current and the
logarithm of the sample ion activity is found for corresponding measurements on ion-selective electrode membranes. Here, a
theoretical explanation for the apparent contradiction between the behavior of the two kinds of system is given. Experimental results
obtained with conventional ion-selective PVC membranes as well as with membranes based on PVC free membrane matrices are
presented.
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Ion-selective electrodes (ISEs) based on membranes
with ionophores have gained a high relevance as ana-
lytical chemical tools [1–4]. In nearly all applications so
far, they have been used as potentiometric sensors, i.e.,
for potential measurements at zero current. Neverthe-
less, experiments on ionophore membranes under the
inﬂuence of an electrical current have a long tradition
[5–7]. Such early investigations were often initiated to
demonstrate the speciﬁc action of ionophores and to
elucidate the response mechanisms of the respective
membranes [8–10]. More recent experiments on ISE
systems under current ﬂow aimed at the optimization of
response characteristics [11–13]. Actually, a current-
induced modulation of the ﬂux of primary ions through
the membrane permits the improvement of the lower
detection limit of a sensor by several orders of magni-
tude [11,12]. This eﬀect is in close analogy to the be-* Corresponding authors. Tel.: +41-1-632-29-26; fax: +41-1-632-11-64.
E-mail address: pretsch@org.chem.ethz.ch (E. Pretsch).havior reported for conventional membrane ISEs where
the zero-current counter transport of two ionic species
can be suppressed to achieve lower detection limits
down to 1012 M in buﬀer-free samples [14,15]. Several
investigations on ISE assemblies are based on pulsed or
cyclic electrochemical measuring techniques and were
meant to lead to new types of ion sensors [16–24]. A
diﬀerent group of fundamental studies focused on the
electrochemistry at the interface between two immiscible
electrolyte solutions (ITIES) [25–28] in place of the
complete three-phase membrane arrangement [29] used
in ISE cells.
Practical applications of ionophore membranes in a
controlled-potential mode may have been impeded by
the fact that the reported current response behavior of
such systems seems to be quite contradictory. From
pulsed or cyclic measurements on ion-selective PVC
membranes, the current signals were claimed to be
proportional to the logarithm of ion activity or con-
centration [8,9,20–24]. In contrast, from studies on
ITIES using organic phases containing ionophores, the
voltammetric or amperometric responses were appar-
ently found to depend linearly on the ion concentration
2[26–28,30]. Similarly, membranes without or with only a
very low PVC content also showed a linear dependence
of the signal on the sample ion activity [16,18,19].
Here, we report on new results on the current re-
sponse of ionophore-based ISEs at controlled potential.
A theoretical approach is presented to explain the puz-
zling electrochemical behavior of ISE membranes and
related model systems.2. Theory
Nearly all electrical aspects of ionophore-based cat-
ion-selective electrodes can be interpreted by a theoret-
ical model that treats the membrane as an electrically
neutral phase incorporating immobile anions (‘‘ﬁxed’’
sites) [5,13,31,32]. Together with the ionophores as ion-
speciﬁc complex formers, the anionic sites ensure a
highly selective transfer of primary cations into and
through the membrane. The current ﬂow within an
ideally selective membrane is then found to follow the
ohmic law [13,31]:
I ¼ AFzIJI ¼  1Rm D/m; ð1Þ
Rm ¼ RT =zIFð ÞdAFDI;mcR;m ; ð2Þ
where I is the electrical current, JI the total ﬂux of pri-
mary ions IzI of charge zI (which exist predominantly as
ionophore complexes in the membrane), D/m the elec-
trical potential drop within the membrane, Rm the inner
membrane resistance, A the active membrane area, d the
membrane thickness, DI;m the average diﬀusion coeﬃ-
cient of primary ions in the membrane, cR;m the given
total concentration of anionic sites (assumed to be singly
charged), F the Faraday constant, R the universal gas
constant, and T the absolute temperature.
The transmembrane ﬂux of primary ions is coupled
with an equivalent diﬀusion ﬂux through the Nernstian
boundary layers of sample and the internal solutions,
respectively. Hence, a current-induced diﬀerence arisesFig. 1. Schematic representation of the applied model. The concentration p
shown. The current can be limited by back-diﬀusion of free ionophores in th
stagnant layers of the two aqueous phases (aq). The presence of ﬁxed sites is
the membrane and is decisive for the ohmic resistance at low currents.between the nominal ion concentration, cI;aq, in the bulk
of the sample solution and its boundary concentration,
c0I;aq, next to the membrane surface (see Fig. 1):
I ¼ I 0lim
cI;aq  c0I;aq
cI;aq
; ð3Þ
I 0lim ¼
AFzIDI;aqcI;aq
d
; ð4Þ
where I 0lim is the diﬀusion-limited current reached for
c0I;aq ! 0, DI;aq is the diﬀusion coeﬃcient of the ions I zI in
aqueous solutions, and d the thickness of the aqueous
boundary layer on the sample side. An analogous de-
scription holds for the other side of the membrane, ac-
counting for a diﬀerence between the bulk
concentration, cI;aq, of the internal solution and the re-
spective boundary concentration, c00I;aq:
I ¼ I 00lim
cI;aq  c00I;aq
cI;aq
; ð5Þ
I 00lim ¼
AFzIDI;aqcI;aq
d
; ð6Þ
where I 00lim is the limiting current value deﬁned for the
inner diﬀusion layer of thickness d. After replacing the
concentration ratios in Eqs. (3) and (5) by the corre-
sponding activity ratios, the boundary activities, a0I;aq
and a00I;aq, are readily expressed in terms of the respective
bulk activities, aI;aq and aI;aq
a0I;aq ¼ aI;aq
I 0lim  I
I 0lim
; ð7aÞ
a00I;aq ¼ aI;aq
I 00lim þ I
I 00lim
: ð7bÞ
Another consequence of current ﬂow in an ionophore
membrane is that ion-bound ligands are translocated in
the direction of the current, which leads to a concen-
tration gradient of free ionophore L [5,6,31] (c.f., Fig. 1).
At steady-state, conservation of the ionophore in the
membrane requires that JL þ nIJI ¼ 0, where JL is
the diﬀusion ﬂux of uncomplexed ionophore, and JI theroﬁles of primary ions, free ionophores (L), and anionic sites (R) are
e membrane (m) or by diﬀusion of the charge-carrying ions (I) in the
required for an equivalent amount of cationic ionophore complexes in
3current-induced ﬂux of primary ions assumed to be
transferred as ionophore complexes of a given 1:nI
stoichiometry. It follows [5,31] that:
I ¼  zI
nI
AFJL ¼ Ilim
c00L;m  c0L;m
2cL;m
; ð8Þ
Ilim ¼ 2zInI AFDL;mcL;m=d; ð9Þ
where c0L;m and c
00
L;m are the boundary concentrations of
free ionophores on the membrane surfaces contacting
the sample and the internal solution, respectively,
cL;m ¼ 0:5 ðc0L;m þ c00L;mÞ is the average concentration of
uncomplexed ligands, DL;m the diﬀusion coeﬃcient of
the free ionophore, and Ilim a limiting current related to
the maximum diﬀusion ﬂux of ionophore within the
membrane. Hence, we obtain
c0L;m ¼ cL;m
Ilim  I
Ilim
; ð10aÞ
c00L;m ¼ cL;m
Ilim þ I
Ilim
: ð10bÞ
The boundary values speciﬁed in Eqs. (7) and (10) as
well as the concentration of anionic sites are decisive for
the distribution of exchangeable primary ions at the two
membrane/solution interfaces. These quantities enter
into the description of the two interfacial Galvani po-
tential diﬀerences, D/0b and D/
00
b [5,13,31,32]:
D/0b ¼
RT
zIF
ln zIK 0Ia
0
I;aq=cR;m
h i
with K 0I ¼ kIbI;n c0L;m
 nI
;
ð11Þ
D/00b ¼
RT
zIF
ln zIK 00I a
00
I;aq=cR;m
h i
with K 00I ¼ kIbI;n c00L;m
 nI
;
ð12Þ
whereK 0I andK
00
I are the overall distribution coeﬃcients of
primary ions, which are related to the standard Gibbs
energy of ion transfer at the respective interfaces and in-
clude the inﬂuence of ion complexation in the membrane,
kI is the distribution coeﬃcient of free primary ions, and
bI;n the stability constant of the predominant 1:nI ion–
ionophore complexes. After substituting the boundary
values in Eqs. (11) and (12) and recalling Eq. (1), we ob-
tain the ﬁnal result for the total membrane potential:
E ¼ D/m þ D/0b  D/00b; ð13Þ
E ¼ RT
zIF
ln aI;aq=aI;aq
h i
 RmI þ RTzIF ln
1 I=I 0lim
1þ I=I 00lim
þ nIRT
zIF
ln
1 I=Ilim
1þ I=Ilim ; ð14Þ
where E is the potential diﬀerence between the bulks of
the internal and sample solutions and I is the current
ﬂowing from the sample to the internal solution. In Eq.(14), the ﬁrst term is the expression for the zero-current
membrane potential, the second term is characteristic of
an ohmic resistor, and the last two terms are in analogy
to formal descriptions of polarographic waves ac-
counting for the inﬂuences of current-induced concen-
tration polarization in the aqueous phases and the
membrane phase, respectively. It becomes evident that
the current–voltage-activity behavior of ionophore
membranes may be widely diﬀerent depending on the
various experimental parameters of the systems.
The preceding result indicates that the current re-
sponse I obtained in experiments at constant potential is
generally a function of the sample activity, aI;aq. This
becomes more obvious when Eq. (14) is rearranged
I
Io
 ln 1 I=I
0
lim
1 I=I 00lim
 nI ln 1 I=Ilim
1þ I=Ilim ¼ ln
aI;aq
aI;aq
 zIF
RT
E
ð15Þ
with
Io ¼ RTzIF
1
Rm
¼ AFDI;mcR;m
d
; ð16Þ
where Io is a unit current corresponding to the current
established for D/m ¼ 25:7 mV/zI at 25 C. The exact
type of the activity dependence in Eq. (15) is evidently
dictated by the magnitude of the current relative to the
parameters Io; I 0lim; I
00
lim, and Ilim.
The practical relevance of ISEs as amperometric
sensors apparently hinges on the requirement that the
parameter Io is kept constant during the experiments,
which implies that Rm must be sample-independent and
invariant. This is not the case for thin membranes [33]
but for the ISEs studied in this work it was found in
hundreds of consecutive measurements [34] that the
membrane resistance did not change signiﬁcantly and
can really be considered as a phenomenological constant.
The general result in Eq. (15) can also be considered
as an extended description of ITIES systems. In typical
ITIES experiments, however, limitations by ion transfer
at an inner boundary, by free ionophore transport, as
well as by the ohmic resistance are either nonexistent or
largely excluded. For ISE systems, on the other hand, all
these limiting terms may play a substantial role, de-
pending on the magnitude of the various experimental
parameters (see below).3. Experimental
3.1. Reagents
Celgard 2500 microporous ﬂat sheet polypropylene
membranes of 0.057 0.22 lm2 pore size, 25 lm thick-
ness, and 55% porosity were purchased from Celgard
Inc. (Charlotte, North Carolina, USA). Poretics
polycarbonate membranes without wetting agent
4(PVPF, poly(vinylpyrrolidone) free) of 14 lm pore di-
ameter and 6 lm thickness were purchased from
Osmonics Inc. (Minnetonka, Minnesota, USA).
Poly(vinyl chloride) (PVC), the calcium ionophore N,
N-dicyclohexyl-N’,N’-dioctadecyl-3-oxapentanediamide
(ETH 5234), potassium tetrakis-[3,5-bis-(triﬂuoro-
methyl)phenyl] borate (KTFPB), and tetrahydrofuran
(THF) were Fluka Selectophore and 2-nitrophenyl
octyl ether (o-NPOE) puriss., p.a. from Fluka AG (CH-
8701 Buchs, Switzerland). Aqueous solutions were pre-
pared with freshly deionized water (18.0 MX cm speciﬁc
resistance) obtained with a NANOpureTM reagent-grade
water system (Barnstead, CH-4009 Basel, Switzerland);
CaCl2, NaCl, and KCl were Suprapur
 from Merck
(Darmstadt, Germany).
3.2. Membranes
Celgard-based membranes contained ETH 5234 (2.3
wt%, 28.6 mmol kg1), KTFPB (0.3 wt%, 2.9 mmol
kg1), and o-NPOE (97.4 wt%). A total of 270.4 mg of
these components was dissolved in THF (2 ml) and a
Celgard membrane disk of 20 mm diameter was im-
pregnated with 40 ll of the cocktail. The membrane was
then immediately mounted in a symmetrical plexiglass
cell allowing an exposed area of 0.64 cm2 and with
compartments of 20 ml on each side. Before starting
emf/potential current measurements, the membrane was
symmetrically conditioned in a 103 M CaCl2, 103 M
KCl, 104 M HCl solution for ca. 30 min.
Polycarbonate-based membranes contained ETH
5234 (2.4 wt%, 30.2 mmol kg1), KTFPB (0.3 wt%, 3.2
mmol kg1), and o-NPOE (97.3 wt%). A total of 272.4
mg of these components was dissolved in THF (2 ml).
The THF was evaporated under air before a polycar-
bonate membrane disk of 20 mm diameter was im-
pregnated with 2 ll of the cocktail. The membrane was
then immediately mounted in the symmetrical plexiglass
cell and conditioned for ca. 30 min as described above
for the Celgard membranes.
The PVC-based membranes contained ETH 5234 (1.6
wt%, 20.1 mmol kg1), KTFPB (0.2 wt%, 2.2 mmol
kg1), o-NPOE (65.5 wt%), and PVC (32.7 wt%).
Membranes of ca. 120 lm thickness were obtained by
casting a solution of 404.4 mg of the membrane com-
ponents dissolved in THF (ca. 4 ml) into a glass ring (44
mm i.d.) ﬁxed on a glass plate. The PVC membranes
were mounted in the symmetrical plexiglass cell and
conditioned as described above but for 48 h.
3.3. Emf measurements
Potentials were measured with a custom-made 16-
channel electrode monitor in the symmetrical plexiglass
cell, both compartments of which were stirred. Two
identical reference electrodes (Metrohm type 6.0726.100,Ag jAgCl in 3 M KCl, Metrohm AG, CH-9101 Herisau,
Switzerland) with a bridge electrolyte of 1 M KCl were
used as reference and working electrodes.
3.4. Controlled potential measurements
Current measurements at controlled potential were
performed on all ISE membranes with the same sym-
metrical cell as described above. For these measure-
ments a four electrode setup was used. The cell was
equipped with working and counter electrodes Ag jAgCl
(0.64 cm2) and two identical reference electrodes as
mentioned under 3.3 with a bridge electrolyte of 1 M
KCl. The external potential diﬀerence was controlled
with an SI 1287 Electrochemical Interface (Solartron
Instruments, Farnborough, Hampshire, UK) using
CorrWare software (Scribner Associates, Inc., Southern
Pines, NC, USA). The same instrument was used to
measure the current response. For each concentration,
current readings were taken after 30 min. In order to
guarantee a direct and true comparison between po-
tentiometric and amperometric ISE responses, one and
the same experimental set-up was applied for all mea-
surements in this work. The membrane electrode cell
basically conforms to the arrangement used for most
practical ISE applications. It should be mentioned,
however, that more sophisticated approaches to am-
perometric measurements with compensation of the
ohmic potential drop have been introduced and de-
scribed earlier (see, e.g. [10,35,36]).4. Results and discussion
In the theoretical section, it was shown that three
diﬀusion processes may limit the current measured on
ISE membranes at controlled potential. The diﬀusion-
controlled limiting currents in the two aqueous phases
are related to the respective maximum values of the ionic
concentration gradients, while the maximum migration
current through the membrane is determined by the
back-diﬀusion process of the free ionophores (see
Fig. 1). In the case of plasticized polymer membranes
used for conventional ISEs, the diﬀusion coeﬃcient of
primary ions in the membrane phase is lower than in
aqueous solutions by at least two orders of magnitude
[37–40]. Thus, the membrane resistance is high and the
value of Io comparatively low. It follows that Io  I 0lim
and Io  I 00lim hold as long as both aqueous solutions
contain adequate concentrations of primary ions (cf. Eqs
(4), (6) and (16)). If the membrane contains an excess of
free ionophores, i.e., cL;m  cR;m, the condition Io  Ilim
is also fulﬁlled (cf. Eqs. (9) and (16)). Accordingly, the
last two terms on the left of Eq. (15) can be neglected
except for extremely high values of the applied voltage,
and the current response reduces to the simple Eq. (17)
5I ¼ RT
zIFRm
ln
aI;aq
aI;aq
 E
Rm
¼ constþ RT
zIFRm
ln aI;aq: ð17Þ
An ISE membrane system of this type evidently behaves
as an ohmic resistor that yields a current response to the
actual overpotential, i.e., to the applied potential dif-
ference minus the zero-current membrane potential.
Hence, the current signal is a linear function of the
logarithm of the sample ion activity, the intercept being
constant if the composition of the internal solution and
the applied potential are constant. It should be noted
that Eq. (17) can be derived immediately from the
Nernstian zero-current potential plus the ohmic poten-
tial drop (Eq. (14) without the last two terms). Since this
description is obviously restricted to special cases or
limited ranges, however, the full theory has to be applied
for an adequate analysis of the complete current re-
sponse curve.
Contrasting response behavior is expected for ISE
membranes that basically consist of a nonpolymeric
solvent phase with a relatively high concentration of
dissolved electrolyte. Since the diﬀusion coeﬃcients in a
liquid phase of low viscosity are much higher, the con-
ditions I 0lim  Io and I 0lim  Ilim may hold. In this case,
the sample concentration must be fairly low, which also
guarantees that I 0lim  I 00lim. Finally, the second term on
the left of Eq. (15) becomes decisive, leading to
I ¼ I 0lim 1

 ezIFE=RT a

I;aq
aI;aq

¼ AFzIDI;aqcI;aq
d
ðfor zIE ! 1Þ: ð18Þ
Such systems behave in analogy to amperometric or
voltammetric electrodes. They reﬂect the characteristics
of ion transfer across the interface between two immis-
cible electrolyte solutions [25–28]. Accordingly, at suf-Fig. 2. Current response to the sample concentration, I vs. log cCa2þ (left) and
applied to a membrane with an area of A ¼ 0:64 cm2. The thickness of the st
the internal solution had a Ca2þ concentration of 103 M, and the diﬀusion
thickness d ¼ 20 lm, DI;m ¼ DL;m ¼ 5 107 cm2 s1 (RM ¼ 0:42 kX). Cu
(RM ¼ 6:24 kX). Curve C: membrane thickness d ¼ 120 lm, DI;m ¼ 6 10ﬁciently high voltages, a diﬀusion-limited current is
reached that is directly proportional to the sample ion
concentration.
An intermediate case is encountered for polymeric
ISE membranes at very low sample activities. Here, the
conditions Io  I 00lim and Io  Ilim still hold but also
Io  I 0lim. Therefore, the ﬁrst two terms on the left of Eq.
(15) must be considered, which ﬁnally yields the fol-
lowing result:
I ¼ RT
zIFRm
ln
aI;aqð1 I=I 0limÞ
aI;aq
" #
 E
Rm
¼ constþ RT
zIFRm
ln aI;aq
 þ DaI;el ð19Þ
with
DaI;el ¼ I aI;aqI 0lim
¼  IdcI;aq
AFzIDI;aq
: ð20Þ
In comparison with Eq. (17), the modiﬁed response
function in Eq. (19) contains an additional activity in-
crement, DaI;el, which correspond to the electrical con-
tribution to the lower detection limit [13]. As shown in Eq.
(20), this term is directly related to the current density,
I=A, through the membrane but is independent of other
membrane parameters (cI;aq is the activity coeﬃcient of
the primary ion in the sample). These equations demon-
strate that the useful current-response range of ISE
membranes at constant potential diﬀers from the ana-
lytical range of the corresponding potentiometric sensors.
The observed eﬀects depend on the sign and the magni-
tude of the current signal established near the lower de-
tection limit (see also the preliminary results given in [41]).
Theoretical current responses to the sample Ca2þ
concentrations calculated from the general Eq. (15) are
shown in Fig. 2. The diﬀusion coeﬃcients used forI vs. cCa2þ (right) calculated for an external potential of E ¼ 0:3 mV
agnant layer in the sample and internal solution was d ¼ d ¼ 500 lm,
coeﬃcient DCa;aq was 7.92 106 cm2 s1 [45]. Curve A: membrane
rve B: membrane thickness d ¼ 60 lm, DI;m ¼ DL;m ¼ 107 cm2 s1
9 cm2 s1, DL;m ¼ 3 108 cm2 s1 (RM ¼ 210:0 kX).
6curves A mimic the situation encountered with ITIES
systems. Indeed, the response is almost linear if the
current is plotted against the concentration (right side)
but curved if it is shown as a function of the logarithmic
concentration (left side). The opposite behavior is
illustrated by curves C, which are based on experimen-
tally obtained parameters for a plasticized Ca2þ-selec-
tive PVC membrane (see below). Here, the response to
the logarithmic Ca2þ concentrations is practically linearFig. 3. Potentiometric response of a PVC-supported and two PVC-free
Ca2þ-ISE membranes, the latter being based on microporous poly-
propylene (Celgard) and track-etched polycarbonate as matrices.
Internal solution: 103 M CaCl2 with 103 M KCl and 104 M HCl,
sample background: 103 M KCl and 104 M HCl. For better com-
parison, the curves were shifted to show the same emf at a sample
concentration of 103 M.
Fig. 4. Current response at constant external potential (E ¼ 0:3 mV) of a P
Fig. 3). Curves calculated from Eq. (15) with the following parameters: P
DL;m ¼ 3 108 cm2 s1 (RM ¼ 212:0 kX); polycarbonate membrane: d ¼ 4
microporous polypropylene (Celgard) membrane: d ¼ 58 lm, A ¼ 0:35 cm2
the stagnant layer in the sample and internal solution was d ¼ d ¼ 500 lmand the response to the linear concentration scale is
curved (see insert with 100 times enlarged scale of the y-
axis). An intermediate case is shown by curves B, which
were calculated with parameters obtained in this work
for PVC-free ISE membranes (see below).
Two kinds of PVC-free ISE membranes were inves-
tigated in this work in addition to the conventional PVC
membrane. The ﬁrst one was based on a matrix con-
sisting of a microporous polypropylene (Celgard 2500,
25 lm thickness). The elliptical pores (0.057 0.22 lm2
pore size) formed by extrusion, annealing, and stretch-
ing were shown to be oriented with their major axes
parallel to the ﬁlm surface [42]. It has also been reported
that a thin surface layer has a slightly smaller pore size
and a lower two-dimensional pore area than the interior
[42]. The other matrix consisted of track-etched Poret-
ics polycarbonate membranes having a thickness of 6
lm and pore diameters of 14 lm. The ISE membranes
were obtained by impregnating these matrices with a
solution of the ISE components (ionophore and ionic
sites, see Section 3) in o-NPOE, which was also used as
the plasticizer in the corresponding PVC membranes.
First, the response of the three types of membranes was
investigated in a conventional potentiometric setup
(Fig. 3) using 103 M CaCl2 with 103 M KCl and 104
M HCl as the internal solution. Due to the coextraction
of a small amount of CaCl2 from the internal solution
into the membrane, zero-current transmembrane ion
ﬂuxes are known to inﬂuence the lower detection limit of
such ISEs, which therefore shifts to higher values with
increasing diﬀusion coeﬃcients in, and decreasing
thickness of, the membrane phase [32,43,44]. Indeed, the
PVC membrane shows the most favorable lower detec-
tion limit (lowest ion ﬂuxes) whereas the PVC-free
membranes based on microporous polypropylene or
polycarbonate matrices turn out to be worse by ca. halfVC-supported and two PVC-free Ca2þ-ISE membranes (for details, see
VC membrane: d ¼ 120 lm, A ¼ 0:64 cm2, DI;m ¼ 6 109 cm2 s1,
2 lm, A ¼ 0:23 cm2, DI;m ¼ DL;m ¼ 9 108 cm2 s1 (RM ¼ 13:8 kX);
, DI;m ¼ DL;m ¼ 1:05 107 cm2 s1 (RM ¼ 10:5 kX). The thickness of
in all cases.
7and one order of magnitude, respectively (Fig. 3). Based
on these results, it is expected that the amperometric
response of the PVC-free membranes may diﬀer from
those of PVC membranes and will approach the be-
havior of the ITIES systems.
The current response of the three kinds of ISE
membranes at a constant potential of E ¼ 0:3 mV is
shown in Fig. 4 together with the theoretical response
curves (drawn lines) calculated from Eq. (15) with the
parameters listed in the ﬁgure caption. On the loga-
rithmic concentration scale (Fig. 4, left), the PVC
membrane shows a perfectly linear current response as
reported earlier [41]. In contrast, curved responses areFig. 5. Current response at constant external potential (E ¼ 0:3 mV)
of a Ca2þ-ISE membrane based on a microporous polypropylene
(Celgard) matrix (for details see Fig. 3). The thickness of the stagnant
layer was increased in one experiment by placing an inert perforated
polycarbonate membrane in front of the ISE membrane. The calcu-
lated curves are based on the same parameters as for Fig. 4 except for
the thickness of the stagnant layer indicated in the ﬁgure.
Fig. 6. Current response at diﬀerent external potentials (E ¼ 0:3, )30.0, o
propylene (Celgard) matrix (for details see Fig. 3). The curves are calculatobtained for the PVC-free polycarbonate and polypro-
pylene membranes, respectively. As shown in Fig. 4,
right, the response behavior of the latter two membrane
systems is also curved if plotted as a function of con-
centration instead of the logarithmic plots. The ﬁtted
responses show that the membrane resistance (212.0 kX
for the PVC membrane) is lowered to 13.8 and 10.5 kX
when using PVC-free polycarbonate and polypropylene
(Celgard) membranes, respectively. The calculated re-
sponse of the Celgard membrane is based on the same
diﬀusion coeﬃcients as for curves B in Fig. 2. The re-
versed order of the potentiometric (Fig. 3) and current
responses (Fig. 4) of the two PVC-free membranes can
be explained by the fact that the limiting diﬀusion pro-
cesses are not the same in the two cases. The heteroge-
neous structure of Celgard (see above) apparently
favors the back-diﬀusion of the free ligands that partly
determines the limiting current in amperometric exper-
iments.
Since various parameter combinations for the mem-
brane phase may result in similar response curves, fur-
ther experiments were carried out with Celgard
membranes, for which the current limitation by the ion
transport in the membrane is relatively small. In one set
of experiments (Fig. 5) the eﬀective thickness of the
unstirred layer was varied by ﬁxing an inert hydrophilic
polycarbonate membrane with holes of about 1 mm
diameter (ca. 40 holes/cm2) in the sample compartment
of the cell, about 3 mm apart from the membrane sur-
face. The two calculated amperometric response curves
were based on the same parameters, except for the ap-
parent thickness of the stagnant layer. Based on the very
same set of parameters, it is also possible to describe the
current responses at three applied potentials (E ¼ 0:3,
)30.0, and +30.0 mV, see Fig. 6). These results clearly
indicate that the quantitative model according to Eq.
(15) is sound and can be applied to various experimental
setups.r +30.0 mV) of a Ca2þ-ISE membrane based on a microporous poly-
ed from Eq. (17) using the same parameters as in Fig. 4.
Fig. 7. Time traces of the current response at E ¼ 0:3 mV of a PVC-
supported and a PVC-free Ca2þ-ISE membrane, the latter being based
on a microporous polypropylene (Celgard) matrix (for details, see
Fig. 3). The values given above the curves indicate the respective
logarithmic molar Ca2þ concentrations in the sample.
8All measurements discussed so far were based on
steady-state current values. Depending on the type of
membrane, this steady-state was achieved after diﬀerent
equilibration times. As shown by the time traces in
Fig. 7, the Celgard membranes exhibit fast responses
and the respective steady states are reached within a few
minutes. As expected, PVC-based membranes are much
slower and the steady-state current value is achieved
only about 0.5 h after the sample changes. Due to their
fast response behavior, the Celgard membranes are
highly attractive candidates whenever fast transmem-
brane processes are required for potentiometric or am-
perometric sensing with liquid membrane electrodes.5. Conclusions
The current response of ISE membrane assemblies at
controlled potential was treated on a theoretical basis
and studied in a series of experiments. The apparently
contradictory amperometric response behavior obtained
with ITIES and ion-selective PVC membranes was
shown to originate from diﬀerent kinetic limitations.
For PVC-free liquid membranes based on inert micro-
porous matrices, the response is neither a linear function
when plotted vs. the logarithmic concentration, nor a
linear function of the concentration itself. Hence, the
behavior of these membranes is intermediate between
that of PVC membranes and ITIES systems. Although
potentiometric measurements with ISEs are still widelypreferred for the determination of ion concentrations,
the new amperometric method was shown to be an
equivalent choice and may also ﬁnd future applications
in routine analysis.Acknowledgements
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